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Laboratory and mesocosm studies are often employed to study basic and applied ecology 
due to the complexities and lack of external controls in field environments. However, studies 
conducted on the same questions at different scales do not always have the same results. In my 
thesis, I used stable isotopes to relate laboratory behavior to field function within and between 
populations. In my first study, I explored whether stable isotopes of carbon and nitrogen could be 
used to relate laboratory dominance of Rusty Crayfish Faxonius rusticus to their field diet. I 
assessed whether methodological decisions around tissue analyzed for stable isotopes, laboratory 
acclimation time, and timing of primary consumer collection affects this relationship. I 
hypothesized that more dominant crayfish would have higher trophic positions, and tissues with 
faster turnover rates may exhibit a stronger association between laboratory behavior and recent 
field function. I failed to find a relationship regardless of these different methodological choices 
However, I still find this method promising, as other laboratory behaviors may be more related to 
diet or competition for food, such as exploration or feeding flexibility. In my second study, I 
expanded this method of relating behavior to diet through stable isotope analysis for questions 
between, rather than within, populations of F. rusticus. Here, I aimed to determine the 
relationship between individual specialization and relative population abundances or 
intraspecific competition. Theoretical studies propose a direct, positive relationship between 
abundance and individual specialization; however, empirical studies have not always supported 
these predictions. I assessed behavioral and dietary specialization across a gradient of relative 
population abundances of F. rusticus. I found a unimodal relationship between relative 
abundance and dietary specialization, likely due to limited food resources in high abundance 
lakes. Alternatively, I found a positive linear relationship between relative abundance and 
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behavioral specialization, because this metric of individual specialization is not resource limited 
(i.e. density dependent). These results indicate that discrepancies between theoretical and 
empirical studies of the relationship between individual specialization and intraspecific 
competition might be a consequence of the metric of specialization used. My thesis shows that 
linking organismal diet and behavior with stable isotopes may be a useful approach in ecology 
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CHAPTER 1: GENERAL BACKGROUND 
 Inferences from observations at one study extent or grain size can be unreliable at others 
due to differences in ecological processes across spatial and temporal scales (Wiens, 1989; Levin 
1992). Due to the complexities and lack of external controls available in field environments, 
laboratory and mesocosm studies are often employed to study basic and applied ecological 
phenomena (Beukers & Jones, 1998). Although laboratory and mesocosm studies are frequently 
used, studies conducted on the same or related question at more than one spatial scale do not 
always yield similar patterns (Carpenter, 1996; Skelly, 2002). For example, both mesocosm and 
field enclosures were used to assess the competitive impacts of the Wood Frog Rana sylvatica on 
the Spring Peeper Pseudacris crucifer (Skelly, 2002). At the mesocosm scale, increased density 
of R. sylvatica resulted in reductions in the growth and reproduction in P. crucifer. However, in 
the field enclosures, there was no response in P. crucifer to the increased density of R. sylvatica. 
Similarly, Pumpkinseed Sunfish Lepomis gibossus have been shown to reduce the abundance of 
native snails in laboratory and field enclosure experiments, but a field survey showed no impact 
of this fish on its prey (Lodge et al., 1998). These and similar studies demonstrate that venues 
used to study behavior and other ecological interactions can influence the results attained, and 
highlight the challenge in understanding phenomenon in ecology and evolution across spatial and 
temporal scales.  
 As one approach to link ecological understanding across spatial and temporal scales, 
Glon et al. (2016a) proposed that stable isotopes could potentially be used to infer the past field 
function of individuals used in laboratory behavioral trials. Stable isotopes have long been used 
in studies of animal habitat selection and movement, as well as diet and trophic interactions 
(Peterson & Fry, 1987; Gannes et al., 1997; Post, 2002). For migratory American Redstarts 
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Setophaga ruticilla, habitat-specific isotopes were used to determine the impacts of seasonal 
habitat use on physical condition and travel to breeding habitat (Marra et al., 1998). Similarly, 
Vander Zanden et al. (2010) used stable isotopes to examine resource use, diet and habitat 
occupancy by Loggerhead Sea Turtles Caretta caretta across the Atlantic Ocean. Stable isotopes 
are assimilated from prey into tissue of consumers over time, with isotopic incorporation rates 
for larger-bodied organisms of months to years (Peterson and Fry, 1987; Post, 2002; Vander 
Zanden et al., 2015). These slow isotopic turnover rates potentially permit stable isotope analysis 
on individuals used in laboratory studies to hindcast their past interactions or function in the 
field. Therefore, it is plausible that stable isotopes could be used to connect results across scales, 
linking laboratory and mesocosm studies to larger scale studies of resource use or habitat 
selection (Glon et al., 2016a). Specifically, Glon et al. (2016a) sought to relate laboratory 
dominance between individuals from a population of Rusty Crayfish Faxonius rusticus to their 
trophic position using stable isotopes of carbon and nitrogen. These authors hypothesized that 
more dominant crayfish would occupy higher trophic positions due to outcompeting other 
individuals for better quality food sources, or due to greater risk-taking behaviors while foraging. 
This idea of linking laboratory behavior to field function is dependent on understanding what 
stable isotopes can and cannot do and over what time periods. 
Although stable isotopes of carbon, nitrogen, sulfur, hydrogen, and oxygen are 
commonly used in stable isotope analyses (Peterson and Fry, 1987; Post, 2002; Moore & 
Semmens, 2008), freshwater studies have primarily focused on stable isotopes of carbon and 
nitrogen (Peterson & Fry, 1987; Post, 2002). Even though stable isotopes are regularly used by 
ecologists, there are some common assumptions that are important to consider in designing 
studies using them, including discrimination factors and incorporation rates (e.g. Peterson & Fry, 
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1987; Kelly, 2009; Post, 2002). The discrimination factor is the difference in the isotopic ratio 
between a consumer’s tissue and the consumer’s prey (Fry, 2006). In general, 3.4 is used as the 
discrimination factor for nitrogen and ~0 for carbon, as these are the average across all studies 
assessed in Post (2002). However, these factors are dependent on the species of the consumer, 
their food sources, and the tissues being considered (Fry, 2006). Laboratory feeding studies can 
be used to determine species and prey-specific values of these discrimination factors through 
controlled feeding experiments (Caut et al., 2009; Glon et al., 2016b). Caut et al. (2009) 
synthesized literature values for discrimination factors from such studies for both carbon and 
nitrogen, finding large degrees of variation based both on taxa and on the tissue being analyzed. 
This large variation led Caut et al. (2009) to recommend using species and prey-specific values 
where possible instead of average cross-taxa values from Post (2002).  
Another assumption that can impact the results of stable isotope analysis is the 
incorporation rate of the stable isotopes into the tissue of organisms. An isotopic incorporation 
rate is the rate at which isotopes are assimilated, and these rates are taxa and tissue-specific (Fry, 
2006). Across taxa, faster growing organisms will have faster incorporation rates as compared to 
slower growing organisms, which will have slower incorporation rates (DeVries et al., 2015). 
Similarly, tissues within these taxa will also have different incorporation rates in relation to the 
replacement times of these tissues (Boecklen et al., 2011). Therefore, species and tissue analyzed 
will impact the time scale of the diet or habitat use indicated by the stable isotopes. For example, 
haemolymph has a faster incorporation rate than muscle tissue (DeVries et al., 2015; Závorka et 
al., 2015), meaning that stable isotope values of haemolymph will reflect a more recent time 
period than other slower incorporation rate tissues. Like studies of discrimination factor, 
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laboratory-feeding experiments can also be used to determine taxa and tissue-specific stable 
isotope incorporation rates (Caut et al., 2009; DeVries et al., 2015).  
In the initial study seeking to link laboratory behavior to field function through stable 
isotope analysis, Glon et al. (2016a) ultimately failed to find any relationship between ex situ 
laboratory dominance and in situ trophic position of the crayfish F. rusticus. However, this 
method may be sensitive to decisions around the preceding stable isotope methodologies as 
related to discrimination factors and incorporation rates (Caut et al., 2009; DeVries et al., 2015; 
Závorka et al., 2015). Further, laboratory behaviors other than dominance, and field functions 
other than trophic position, may be more appropriate for linkage by stable isotope analysis, or 
such questions may be better asked between multiple populations rather than within individual 
populations. As such, my thesis seeks to expand on the capacity for stable isotope analysis to 
connect laboratory and field studies, first by testing the sensitivity of Glon et al.’s (2016a) results 
to the preceding stable isotope methodologies (Chapter 2), and second by investigating whether 
between-population studies are more suitable for this approach than within-population studies 
(Chapter 3). In particular, between population differences driven by factors such as intraspecific 
competition, vulnerability to predators, or ecosystem productivity could give rise to behavioral 
and dietary differences that could link across study types and scales with stable isotope analysis.  
(Schmitz et al., 1997; Olsson, et al., 2007; Cornwell et al., 2018).  
Individual variation is a key component of ecology and a driver of evolutionary processes 
(Lomnicki, 1988; Bolnick et al., 2011). The role of individual specialization within populations 
has been gaining focus, with specific attention given to the effect of increased intraspecific 
competition (i.e. density; Yoder et al., 2010; Nosil, 2012; Des Roches et al., 2017). Theoretical 
studies propose that as intraspecific competition increases, the degree of specialization of 
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individuals within these populations should also increase to reduce competition with conspecifics 
(e.g. Roughgarden, 1972; Futuyma & Moreno, 1988). However, in a comprehensive literature 
review of empirical studies testing this hypothesis, Jones & Post (2016) found that not all 
empirical studies supported these theoretical predictions. Instead, these authors found that an 
equal number of studies supported a unimodal relationship with greatest specialization at 
intermediate densities as those that found greatest specialization at high densities. One reason for 
this divergence between theoretical predictions and empirical evidence may be the specific 
metrics of specialization considered. Accordingly, I identified the relationship between 
intraspecific competition and individual specialization as a research area where behavioral 
observations and stable isotope analyses conducted concurrently on the same individuals could 
meaningfully advance our understanding of an important question, as these two approaches to 
measuring individual specialization could be anticipated to have different relationships to 
intraspecific competition. 
First, dietary specialization may be limited at high abundances due to increased 
intraspecific competition for limited resources via exploitative competition. For example, Pike 
Cichlid Crenicichla lepidota diet specialization was greatest at intermediate densities, and 
specialization decreased at high densities due to depletion of some prey with increasing 
consumer abundance (Mateus et al., 2016). However, Zandonà et al. (2011) observed 
continuously increasing dietary specialization with increasing abundance of Trinidadian Guppies 
Poecilia reticulate because they did not observe resource limitation at high densities. As such, 
the relationship between individual dietary specialization and intraspecific competition is likely 
contingent on whether the focal organism is food-limited or density dependent at high 
abundances. Alternatively, behavioral specialization will likely not be limited at high abundances 
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as opportunities to specialize behaviorally are not resource limited. As competition increases, 
individuals can specialize behaviorally to alleviate competition with conspecifics (Sih et al., 
2012). For example, Pintor et al. (2009) found that at high abundances, Signal Crayfish 
Pacifastacus leniusculus were more aggressive and more exploratory than populations that 
experience less intraspecific competition. Yet to our knowledge, few studies have investigated 
behavioral specialization on gradients of intraspecific competition, and none have asked if 
behavioral and dietary specialization decouple for the same individuals between populations 
owing to the impact of resource limitation on one, but not both, measures of individual 
specialization. 
In my third chapter, I investigate these two metrics of individual specialization across a 
relative abundance gradient of F. rusticus, using the approach of Glon et al. (2016a) to compare 
diet and behavior between the same individuals concurrently. Faxonius rusticus has been shown 
to greatly impact the ecosystem where this species has been introduced, including depleting prey 
resources like snails (Lodge et al., 1994; Wilson et al., 2004; Kreps et al., 2016). Therefore, I 
expect that dietary specialization may have a unimodal relationship with abundance for F. 
rusticus, whereas behavioral specialization may have a positive linear relationship with relative 
abundance. Stable isotopes are routinely used to characterize individual variation or 
specialization in diets within populations (Layman et al., 2007), and as above, can be applied to 
individuals being studied for behavior in the laboratory to link these estimates of individual 
specialization concurrently. 
Glon et al. (2016a) proposed addressing the challenge of scaling between study types by 
using stable isotope analysis of organisms used in laboratory studies to make inferences about 
their past field function. Here, I ask how sensitive this approach is to methodological decisions 
7 
 
around stable isotope analysis (Chapter 2), and then expand this idea to between-population 
questions, in contrast to the more narrow within-population study first pioneered by Glon et al. 
(2016a; Chapter 3). Together, these studies test the importance of methodology in attempting to 
link laboratory and field studies between individual organisms, and propose future directions for 
this research between populations on important topics like the relationship between intraspecific 
competition and individual specialization.   
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CHAPTER 2: DOMINANCE AND DIET ARE UNRELATED WITHIN A POPULATION 
OF INVASIVE CRAYFISH  
2.1 Abstract 
Laboratory behavioral experiments are an important tool in ecology and evolution, but whether 
these behaviors reflect the field function of organisms is not always clear. Directly connecting 
laboratory behaviors to field interactions would increase understanding of a variety of organisms. 
A recent study proposed using stable isotopes to link laboratory behaviors to field function of 
individuals, but failed to find any such links within a population of the invasive rusty crayfish 
Faxonius rusticus. Here, we assessed whether methodological decisions around tissue analyzed 
for stable isotopes, laboratory acclimation time, and timing of primary consumer collection may 
have affected the result, hypothesizing that more dominant crayfish would have higher trophic 
positions and tissue with faster turnover rates may exhibit a stronger association between 
laboratory behavior and recent field function. We tested this relationship using F. rusticus 
individuals from a single population, and related laboratory dominance to stable isotope-derived 
trophic position using linear regression. We failed to find a relationship between dominance and 
trophic position, regardless of our different methodologies. Future studies should consider 
alternative behaviors that may better relate to function in the field and also investigate whether 





Ecological processes vary across spatial and temporal scales in ways that can make 
inferences from observations at one study extent or grain size unreliable at others (Wiens, 1989; 
Levin, 1992). In seeking to understand ecological phenomena, scientists routinely use laboratory 
behavioral studies to investigate interactions within and between species (e.g. Beukers & Jones, 
1998; Závorka et al., 2015; Skein et al., 2018; Wiggins et al., 2018). However, other researchers 
have questioned how well laboratory or similar mesocosm studies scale to the larger spatial 
extents and longer temporal durations under which many ecological processes operate in situ 
(Carpenter, 1996; Skelly, 2002). For example, several studies from the invasive species literature 
have suggested that laboratory evidence of behavioral dominance of non-natives over native 
species may over-state these interactions under field conditions. Bergman & Moore (2003) found 
that agonistic behaviors observed in behavioral assays of the invasive rusty crayfish Faxonius 
rusticus (Girard, 1852; Crandall and De Grave, 2017) were more intense and longer lasting 
relative to shorter duration, less intense behaviors observed in the field. Similarly, Larson & 
Magoulick (2009) found that although an invasive crayfish species was behaviorally dominant 
over a native crayfish in a laboratory setting, there was no effect of this invader on growth or 
survival of the native in a field enclosure study. Regardless, many studies infer mechanisms of 
impact of invasive species from laboratory behavioral assays (Usio et al., 2001; Pintor et al., 
2008; Jimenez & Faulkes, 2011; Linzmaier et al., 2018). A research need exists to better develop 
linkages between laboratory behavioral assays and the field function or interactions of study 
organisms. Ideally, such linkages would not be dependent on comparisons between laboratory 
behaviors and enclosure or mesocosm experiments, which have their own potential limitations in 
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scaling to more natural or unrestricted conditions (Wooster, 1994; Lodge et al., 1998; Uiterwaal 
et al., 2018).  
Recently, Glon et al. (2016a) proposed that stable isotopes could be used as a link 
between laboratory behavioral studies and past field function of the same, specific individuals. 
Stable isotopes of a variety of elements have been used to investigate diet and habitat use across 
a wide range of species and ecosystems (Inger, 2008; Newsome et al., 2010; Boecklen et al., 
2011). Two of the most common elements used for stable isotope analyses are carbon and 
nitrogen, which can reflect an individual’s diet, including trophic position (Peterson & Fry, 1987; 
Post, 2002; Moore & Semmens, 2008; Boecklen et al., 2011). Stable isotopes of carbon often 
indicate the primary production resource pathway used by consumers, whereas stable isotopes of 
nitrogen often indicate the trophic position of community members (Post, 2002; Layman et al., 
2015). Further, stable isotopes can also be used to trace movement of organisms or their habitat 
selection when the distribution of stable isotopes varies across space (e.g. Yohannes et al., 2007; 
Moore et al., 2014). Stable isotopes can represent past diets or habitat use of organisms on a 
scale of days to months or even years, dependent upon the type of tissue analyzed and its 
turnover rate (Peterson & Fry, 1987; Post, 2002; Vander Zanden et al., 2015). Therefore, stable 
isotopes could provide opportunities to hindcast past field diets or habitat use of organisms 
observed in the laboratory, allowing for direct comparisons between ex situ behavior and in situ 
function or interactions. 
Glon et al. (2016a) sought to relate laboratory dominance between individuals within a 
population of the invasive crayfish F. rusticus to their trophic position using stable isotopes of 
carbon and nitrogen. The authors hypothesized that more dominant crayfish should occupy 
higher trophic positions because they might out-compete other individuals for better quality food 
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sources or might be more willing to take risks in preying on other crayfish or small fish (Fig. 2.1; 
Roth et al., 2006; Olsson et al., 2008; Taylor & Soucek, 2010). We modify this hypothesis here 
by also proposing that crayfish that have preyed on higher quality animal food in the field (i.e. 
higher trophic position) may be in better physiological condition than crayfish that have preyed 
on lower quality food or detritus, and as such, may be advantaged in dominance interactions in 
the laboratory (Fig. 2.1). However, Glon et al. (2016a) failed to find any relationship between 
dominance and trophic position for F. rusticus, suggesting that laboratory behavioral assays may 
not represent the field function of individuals within populations of this invasive crayfish.  
Although Glon et al. (2016a) found no relationship between laboratory dominance and 
trophic position for F. rusticus, we sought to further investigate this hypothesis, as a number of 
methodological choices may have affected Glon et al.’s (2016a) negative result. Specifically, 
Glon et al. (2016a) did not acclimate crayfish for a week in the laboratory before conducting 
dominance assays, as per convention for these type of studies (Schneider et al., 2000; Daws et 
al., 2002); conducted stable isotope analysis on muscle tissue, whereas other tissues with more 
rapid turnover rates might allow for a better match between laboratory behavior and recent field 
function of organisms (Vander Zanden et al., 2015); and calculated trophic position relative to 
primary consumers (snails, mussels) collected concurrently with their crayfish, although some 
other studies have instead recommended collecting these primary consumers earlier in time to 
better represent diet or trophic position (Heady & Moore, 2012). Therefore, we replicated Glon 
et al. (2016a) here, testing how robust their conclusion was to these specific methodological 
choices.  
Many studies of dominance for crayfish and other organisms have recommended 
allowing one week of acclimation to laboratory conditions to remove the role of past experiences 
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in outcomes of interactions (Schneider et al., 2000; Daws et al., 2002). Glon et al. (2016a) 
instead proposed that maintaining recent social hierarchies from the field could allow for a 
stronger relationship between dominance and trophic position, and as such, ran their dominance 
assays immediately following collecting crayfish. We sought to replicate Glon et al. (2016a) 
under both conditions: conducting dominance assays shortly after collection of organisms from 
the field, as well as following a more conventional week of acclimation to laboratory conditions. 
Next, Glon et al. (2016a) calculated trophic position from stable isotopes of muscle tissue, which 
has relatively long turnover times of weeks to months for crayfish (Jussila et al., 2015; Glon et 
al., 2016b). Long isotopic turnover times may decouple diet from the social memory or 
dominance hierarches of crayfish, which may last for only one week (Bergman & Moore, 2003). 
Accordingly, crayfish dominance in the laboratory may better match more recent diet or trophic 
position, inferred from tissues like haemolymph or hepatopancreas anticipated to have shorter 
isotopic turnover times of days to weeks (Bodin et al., 2007; deVries et al., 2015). We replicated 
Glon et al. (2016a) using stable isotopes of a variety of crayfish tissues anticipated to have both 
fast and slow isotopic turnover rates. Finally, trophic position for freshwater organisms is 
routinely calculated relative to primary consumers, such as snails and bivalves, because these 
consumers integrate the isotopic values of primary producers like benthic algae or 
phytoplankton, which can be heterogeneous in space and time (Vander Zanden & Rasmussen, 
1999; Post, 2002). Though many studies collect these primary consumers concurrently with the 
organisms of interest, others have suggested that primary consumers should be collected at 
earlier time intervals to better match the tissue turnover rate (Heady & Moore, 2012). We tested 
the sensitivity of Glon et al.’s (2016a) results to this methodological decision by collecting 
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primary consumers both earlier than, and concurrently with, crayfish used in laboratory 
dominance assays. 
 Glon et al. (2016a) proposed stable isotopes as a tool that could bridge between 
laboratory behaviors and field function of the same, individual organisms, and simultaneously 
rebutted the utility of this approach by finding no relationship between trophic position and 
laboratory dominance for individuals of the crayfish F. rusticus. Here, we aimed to determine if 
methodological choices by Glon et al. (2016a) around acclimation time in the laboratory, tissues 
used for trophic position calculations, and timing of primary consumer collection affected the 
strength of the relationship between dominance and trophic position for this freshwater invasive 
species. Our findings have implications for understanding the behavior and function of 
organisms between the lab and field, and whether certain laboratory studies link to the impacts 
and interactions of invasive species like F. rusticus in situ. 
 
2.3 Methods 
Study organisms and field collection 
We replicated Glon et al. (2016a) using the same study organism, F. rusticus, an invasive 
crayfish that has been widely studied in the laboratory (e.g. Kuhlmann et al., 2007; Hayes et al., 
2009), mesocosms or enclosures (e.g. Johnson et al., 2009; Pintor & Sih, 2009), and in situ using 
stable isotopes (e.g. Kreps et al., 2016; Nilsson et al., 2012). Faxonius rusticus is native to the 
Ohio River drainage of the Midwestern United States (U.S.A.), but has been widely introduced 
across North America through vectors including use as live bait and the biological supply trade 
(Olden et al., 2006; 2009). We collected our crayfish from a non-native population in the 
Kankakee River, Illinois, U.S.A. (Latitude 41.2083, Longitude -88.0112). Faxonius rusticus was 
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first discovered as an invasive species in Illinois in 1973 and has spread to occupy many streams 
and rivers in central and northern Illinois (Taylor & Redmer, 1995). The Kankakee River at our 
collection site is a fifth order stream characterized by rocky cobble and pebble substrate, draining 
a primarily agricultural and urban watershed typical of its region (Stall & Fok, 1968).  
We collected crayfish via kick seining on two days, October 20 and 22, 2017 (Fig. 2.2). 
We collected 16 crayfish each day. We only used female crayfish because they were more 
available to our sampling methodology at this site and time of year. We used crayfish of a single 
sex to avoid possible confounding differences in aggression between sexes of these crayfish (Hsu 
et al., 2006; Moore & Martin, 2010). Mean size of collected crayfish was 19.7 mm total carapace 
length (16.9 mm minimum to 24.1 mm maximum) as measured by vernier calipers, likely 
representing age 1 crayfish given the life history of this species (Corey, 1988; Messager & 
Olden, 2018). We transported crayfish back to the laboratory in fishing tackle boxes kept on ice 
in a cooler; crayfish were isolated in individual compartments of the tackle boxes to avoid 
interactions with other crayfish during transport. The 16 crayfish collected on each day were 
housed for dominance assays at the Victor E. Shelford Vivarium at the University of Illinois, 
Urbana-Champaign (below). 
Trophic positions for freshwater organisms using δ13C and δ15N are routinely calculated 
against the values of primary consumers that integrate across more disparate values of primary 
producers (Vander Zanden & Rasmussen, 1999; Post, 2002; Layman et al., 2012). We used as 
primary consumers for trophic position calculations non-native clams of the genus Corbicula 
(hereafter “clams”; Tiemann et al., 2017) and native snails of the genus Lymnaea (hereafter 
“snails”). We collected primary consumers for stable isotope analyses from our study site on the 
Kankakee River on September 11, 2017 and October 20, 2017 (Fig 2.2), and immediately froze 
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them upon arrival in the laboratory in a -20 °C freezer. The September primary consumer 
collection was made to be contrasted with the primary consumer collection concurrent with the 
crayfish collection in October. 
 
Laboratory Conditions 
Study crayfish were kept individually in 9.5 L aquariums at an ambient room temperature 
between 18 and 20 ºC with a 12:12 hour light:dark cycle. Aquariums were filled with aerated, 
dechlorinated tap water one week prior to crayfish addition (October 13), and aeration and 
filtration were provided by foam biofilters tubed to air pumps. Crayfish that were acclimated in 
the lab for a week before dominance assays (below) were fed half of an algae wafer (~0.3 g; 
Hikari Tropical Algae Wafers) every other day, whereas crayfish that were acclimated for only 
one day received no laboratory food. We ceased adding food to aquaria for crayfish acclimated 
for one week at 48 hours before the start of dominance assays, with remaining food removed 24 
hours before the start of dominance assays, to match the fasting time of crayfish acclimated for 
only one day. Five algae wafers were processed for stable isotope analysis to evaluate their 
potential effect on stable isotope values of laboratory crayfish. We expected from Glon et al. 
(2016b) that muscle tissue of similarly sized Faxonius crayfishes has isotopic half-lives for δ13C 
and δ15N of approximately three to four weeks, and as a consequence, our laboratory feeding was 
anticipated to minimally affect isotopic values of muscle. However, we lack similar isotopic 
turnover rates or half-life estimates for haemolymph or hepatopancreas in crayfish, which we 
predicted would be faster than muscle tissue from studies on similar taxa (Bodin et al., 2007; 
deVries et al., 2015). Comparing the one day acclimated crayfish to those acclimated for one 




We conducted two sets of dominance assays, the first a day after collection of crayfish 
and the second a week after collection of crayfish, to evaluate the influence of acclimation 
duration on the relationship between dominance and trophic position (Fig. 2.2). We conducted 
the first set of assays on October 21, 24 hours after the first day of crayfish collecting, with the 
intention of possibly preserving the role of social hierarchies from the field, as well as 
minimizing shifts in stable isotope values of our study crayfish in response to feeding on the 
laboratory diet. We conducted the second set of dominance assays one week after the second day 
of crayfish collection on October 30. We expected that this weeklong acclimation time would 
remove the influence of previous social interactions (Schneider et al., 2000; Daws et al., 2002), 
but potentially shift some crayfish isotopic values towards those of the laboratory diet. Both sets 
of dominance assays were conducted using 16 crayfish and each assay set consisted of three 
rounds of interactions. For each round of dominance assays, we randomly generated pairs of 
crayfish, with no repeated pairings between rounds. In addition, we size matched each pair of 
crayfish (Size difference: 1.5 ± 1.2 mm; mean ± SD), as size has an impact on dominance in 
crayfish (Gherardi et al. 1999). Glon et al. (2016a) previously found that statistically correcting 
for similar size differences in interaction outcomes did not improve relationships between 
dominance and stable-isotope inferred diet for F. rusticus.  
 Each of the dominance assays was conducted in a 19 L, white bucket. The behaviors 
were scored by two observers, each observing their own bucket with one pair of crayfish each. 
We used black plastic sheeting with a slit cut in it to obscure the observer from the crayfish. 
Prior to the start of each assay, the bucket was filled to a depth of ~6 cm with 20 ºC water and a 
plexiglass divider was placed in the bucket. The plexiglass dividers were translucent with holes 
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drilled through in a grid pattern to allow water flow between the sides of the bucket. We placed 
two crayfish in each bucket, each on opposing sides of the divider, and allowed them both to 
acclimate for fifteen minutes. We then removed the divider and recorded all interactions between 
the crayfish over the next ten minutes. These scores range from -2 to 5, where negative scores 
indicated a degree of retreat, positive scores indicated the level of aggression, and zero indicated 
the two crayfish were within close proximity but not interacting (Table 2.1; Bruski & Dunham, 
1987; Glon et al., 2016a). The scores from each interaction were added together to get a score for 
each crayfish for each round. Then, dominance scores were calculated for each individual as an 
average of the scores from their three dominance assays. Each crayfish was kept in their 
individual aquaria between dominance assays, with an average interval between assays of 123 
minutes (± 71 SD) and a minimum interval of 29 minutes. 
 
Stable Isotope Laboratory Processing 
We analyzed both sets of primary consumers (September 11 and October 20) for stable 
isotopes, removing all of the tissue of the snails and clams from the shells for isotopic analysis. 
For the crayfish, we analyzed stable isotopes from three tissues: haemolymph, hepatopancreas, 
and muscle. Haemolymph was collected immediately following the end of assays on each of the 
two days of laboratory behavioral observations. A 27-guage needle with a 1 mL syringe was 
used to draw haemolymph from the underside of the abdomen (deVries et al., 2015). Due to 
difficulty drawing enough haemolymph from the crayfish for stable isotope analyses, we have 
only seven samples (of 16) from the one day acclimated crayfish and only three samples (of 16) 
from the one week acclimated crayfish. After collection, haemolymph samples were kept in 1 
mL centrifuge tubes and frozen until preparation for stable isotope analysis (below). Following 
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haemolymph collection, crayfish were frozen at -20ºC to preserve tissue until we dissected the 
crayfish for muscle and hepatopancreas. Upon thawing, hepatopancreas and muscle were 
dissected from crayfish, with muscle tissue taken from the ventral side of the abdomen. 
All tissue samples (crayfish and primary consumers) were placed in a drying oven (Fisher 
Scientific Isotemp 100 L Oven) at 60 ºC for 24 hours, with the exception of hepatopancreas from 
crayfish, which was dried for 48 hours. Hepatopancreas likely took longer to dry due to its 
greater lipid content based on C:N ratios (see discussion). Dried samples were then homogenized 
using a stainless-steel mortar and pestle that were cleaned between each sample. The samples 
were subsequently weighed into tins using a microbalance (UC-Davis Stable Isotope Facility 
recommendation for animal tissues: 1 ± 0.2 mg). We then shipped the samples to the University 
of California – Davis Stable Isotope Facility, where they were analyzed using a PDZ Europa 
ANCA-GSL elemental analyzer with a PDZ Eutopa 20-20 isotope ratio mass spectrometer 
(Sercon Ltd., Cheshire, UK). The sample values were corrected using laboratory reference 
standards which have a long-term standard deviation of 0.2 ‰ for carbon and 0.3 ‰ for 
nitrogen. 
 
Calculating Trophic Position 
We used a two-end member mixing model to correct for differences in δ15N between We 
used a two-end member mixing model to correct for differences in δ15N between different 
primary consumer pathways (clams and snails here) prior to calculating trophic position of 
crayfish individuals (Post, 2002). The relative contribution of each source, the clams and the 
snails, to the diet of F. rusticus was calculated following: 






[2] Clam contribution (CC) = 100 − Snail contribution 
 
Where δ13Ccrayfish is the δ13C of the individual crayfish, δ13Cclam is the average δ13C of the clams, 
and δ13Csnail is the average δ13C of the snails. If crayfish were enriched or depleted beyond 
average snail or clam δ13C values we attributed 100% dietary contribution to the nearest primary 
consumer pathway. Trophic position of crayfish was then calculated relative to the snails and 
clams based on their contribution to the diet of crayfish following: 
 
[3] Trophic Position = 2 +









Where δ15Ncrayfish is the δ15N of each individual crayfish, δ15Nclam is the average δ15N of the 
clams, δ15Nsnail is the average δ15N of the snails, and Δ15N is the discrimination factor (2.54; Post, 
2002; Glon et al., 2016b). We used 2.54 as our discrimination factor as estimated by Glon et a. 
(2016b) for F. rusticus on an algal diet. We calculated trophic position relative to both sets of 
clams and snails (those from September 11 and those from October 20), as well as for each of the 
three tissues analyzed (muscle, hepatopancreas, and haemolymph), for each individual crayfish 
in our study.  
 
Statistical Analyses 
We used t-tests to evaluate whether there were: 1) differences in δ13C and δ15N for 
primary consumers between the two collecting dates (September 11 and October 20); 2) 
differences in isotopic values between the three crayfish tissues, after pooling both laboratory 
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acclimation times together; and 3) differences within tissue isotopic values between the one day 
and one week acclimation periods, in order to evaluate if δ13C and δ15N significantly shifted 
toward the laboratory diet. We then followed Glon et al. (2016a) in using linear regression to test 
for relationships between mean dominance scores and trophic positions of our crayfish. We made 
this comparison for crayfish acclimated for one day in the laboratory prior to agonistic 
interactions, as well as for those crayfish acclimated for one week prior to agonistic interactions. 
Further, for each crayfish, we used trophic position calculations based on each available tissue 
(muscle, hepatopancreas, and haemolymph) against primary consumers collected concurrently 
with the crayfish, as well as those collected a month earlier than the crayfish. In total, we 
conducted 12 linear regression comparisons between crayfish dominance and trophic position.  
 
2.4 Results 
Snails were enriched in both δ15N and δ13C compared to clams across both collecting 
periods (all p<0.001; Fig. 2.3). We found that clams collected on October 20 were significantly 
enriched in δ15N (p=0.002) and δ13C (p=0.009) relative to clams collected earlier on September 
11, whereas snails did not differ significantly in either isotope value between the two time 
periods (all p>0.75). For F. rusticus tissues, muscle was δ15N enriched relative to haemolymph 
and hepatopancreas (all p<0.001), and both muscle and haemolymph were δ13C enriched (all 
p<0.001) relative to hepatopancreas. The one week acclimated haemolymph and hepatopancreas 
were significantly δ13C enriched towards the laboratory diet (algae wafer) compared to one day 
acclimated crayfish (all p< 0.001), and the one week acclimated hepatopancreas was also 
significantly δ15N depleted towards the laboratory diet (Fig. 2.3). No other comparisons between 
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one week and one day acclimated crayfish tissues were significantly different for either stable 
isotope (all p>0.08)  
 The mean dominance score across the three rounds of assays for the one day acclimated 
crayfish was 18.7 (min=-18.7, max=50.7) and for the one week acclimated crayfish was 16.4 
(min=-28.0, max=62.0). For the one day acclimated crayfish, the mean trophic position for 
muscle was 2.05 (min=1.74, max=2.68), mean trophic position for hepatopancreas was 1.86 
(min=1.58, max =2.41) and mean trophic position for haemolymph was 1.01 (min= 0.71, 
max=1.37). For the one week acclimated crayfish, the mean trophic position for muscle was 1.83 
(min=1.44, max=2.09), mean trophic position for hepatopancreas was 1.30 (min=0.74, 
max=1.83), and mean trophic position for haemolymph was 0.93 (min=0.74, max=1.20). We did 
not find a significant relationship between laboratory dominance and trophic position of F. 
rusticus based on linear regression analyses (Table 2.2), regardless of the primary consumer 
collection date, the laboratory acclimation period, and the crayfish tissue analyzed (Fig. 2.4). 
 
2.5 Discussion 
We failed to find a relationship between laboratory dominance and diet within a 
population of the invasive crayfish F. rusticus. This idea of linking an individual’s dominance to 
their trophic position was initially proposed by Glon et al. (2016a), who found no relationship 
between these potentially associated aspects of the ecology of individuals (Bolnick et al., 2003). 
We investigated here whether Glon et al.’s (2016a) results were dependent on specific 
methodological choices related to laboratory acclimation time, timing of primary consumer 
collection, and crayfish tissue analyzed. We found that Glon et al.’s (2016a) results are 
insensitive to methods choices specific to either laboratory behavioral assays or stable isotope 
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analyses: there is no apparent link between laboratory dominance and field diet or function for 
individuals within populations of this crayfish. Although the concept of linking laboratory 
behaviors to field function of specific individuals through stable isotopes remains appealing, we 
have no evidence to date of connections between ex situ and in situ studies using this approach. 
Our study adds to a body of literature that has questioned the transferability or relevance 
of some small scale, short duration laboratory or mesocosm experiments to ecological or 
evolutionary processes under large scale, long duration conditions of natural ecosystems 
(Carpenter, 1996; Lodge et al., 1998; Skelly, 2002; Curie, 2019). This issue has important 
implications for applied ecology when inferences about management or policy-relevant 
processes – such as the evidence for impacts of invasive species – are made from strictly 
laboratory or mesocosm experiments (e.g. Usio et al., 2001; Jimenez & Faulkes, 2011; Linzmaier 
et al., 2018). As examples specific to crayfish, Hudina et al. (2015) used laboratory behavioral 
assays to evaluate whether individuals at the leading edge of an invasive population were more 
or less aggressive than those at the core of the population, drawing a link between laboratory 
behavior and likelihood to disperse in the field. Similarly, Pintor et al. (2009) used mesocosm 
experiments to relate increased aggression at higher intraspecific abundances to greater impacts 
on invertebrate prey for an invasive crayfish in California. In both cases, laboratory conclusions 
about invasive crayfish spread or impacts could be compared to stable isotopes to evaluate 
whether this tracer of in situ behavior also supports recent spread, or greater reliance on 
invertebrate prey, of laboratory individuals (Post, 2002; Caudill, 2003; Briers et al., 2004). 
Although we join Glon et al. (2016a) in finding no link between dominance and diet within 
populations of an invasive crayfish species, we propose that there is considerable opportunity to 
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seek connections between other laboratory behaviors and other field functions using stable 
isotopes. 
One cause of the negative result found by both Glon et al. (2016a) and our study may be 
that there is little reason to expect a relationship between dominance and diet for crayfish. 
Dominance may instead be more related to reproductive success (Berrill & Arsenault, 1984; 
Aquiloni et al., 2008), predator avoidance (Fero et al., 2006), or habitat acquisition (Martin III & 
Moore, 2007; 2008) than competition for prey among these organisms. As such, other laboratory 
behaviors specifically related to diet or competition for food, such as exploration or feeding 
flexibility, may be better comparators to stable isotope diet (Réale et al., 2007). We also suggest 
that comparisons made between multiple populations or species, rather than within a single 
population of the same species, could be a fruitful direction for future research on this topic. 
Behavioral variation within the single populations considered by both Glon et al. (2016a) and our 
study could be low relative to the behavioral variation arising between different populations or 
species over pronounced abiotic or biotic gradients (Komers, 1997; Sih et al., 2004; Dingemanse 
et al., 2010; Royauté et al., 2014). Finally, stable isotopes can be used to provide inferences 
related to other aspects of behavioral or individual ecology than diet; for example, stable isotopes 
have been routinely applied to track movement or habitat selection of individuals (e.g. 
Rubenstien & Hobson, 2004; Vander Zanden et al., 2018). This use for stable isotopes could be 
applied in the future to test behaviors that are assumed to be associated with dispersive or 
stationary individuals (e.g. Cote et al. 2010, Marentette et al., 2011; Lee et al., 2014; Hudina et 
al., 2015). 
Like Glon et al. (2016a), we have interpreted our result as indicating that laboratory 
dominance is an unreliable indicator of field function, represented as stable isotope-inferred 
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trophic position. Alternatively, our failure to link dominance to diet may instead be due to 
limitations in the stable isotope analyses themselves. Specifically, discrimination factors, 
turnover rates, and half-lives of stable isotopes can vary considerably between both diet items 
and tissues of consumers (Caut et al., 2009; Vander Zanden et al., 2015), as well as in response 
to the physiological state (i.e. stress) of organisms (Karlson et al., 2018; Cherel et al., 2015). We 
have used a simple two end-member mixing model to calculate trophic position for our crayfish 
(Post, 2002), on the well-tested assumption that enrichment in δ15N corresponds with increasing 
trophic position (Minagawa & Wada, 1984), but more sophisticated stable isotope analyses that 
better account for error or uncertainty could be used in future studies (Moore & Semmens, 
2008). Stable isotope analysis, and similar methodologies like fatty acid analysis (e.g. Iverson et 
al., 2004), are improved by laboratory studies that estimate discrimination factors and turnover 
rates for a variety of diet items, tissues, and consumers (Caut et al., 2009; Vander Zanden et al., 
2015; Gannes et al., 1997). We were fortunate to have recent estimates of δ13C and δ15N 
discrimination factors, turnover rates, and half-lives for the crayfish F. rusticus on an algal diet 
(Glon et al., 2016b), which appears consistent with the low trophic positions found in our own 
study population (Figs. 2.3 & 2.4). However, we lack discrimination factors and turnover rate 
estimates for other crayfish tissues like hepatopancreas and haemolymph, as well as for many 
prospective diet items of these omnivores, and more laboratory studies testing the assumptions of 
stable isotope analysis for these organisms are needed.  
We found that both hepatopancreas and haemolymph were δ15N depleted relative to 
crayfish muscle, and hepatopancreas was δ13C depleted relative to both muscle and haemolymph. 
When converted to trophic position through our primary consumer-based mixing model, these 
differences resulted in trophic position estimates that were highest for muscle tissue, lowest for 
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haemolymph, and intermediate for hepatopancreas within the same crayfish individuals (Fig. 
2.4). These differences may reflect temporal shifts in crayfish diets in situ captured by different 
isotopic turnover rates between these tissues, where haemolymph and hepatopancreas are 
assumed to have faster turnover rates than muscle due to studies on other decapod taxa (e.g. 
deVries et al., 2015; Jussila et al., 2015). Lower trophic positions estimated from hepatopancreas 
or haemolymph relative to those estimated from muscle tissue might suggest a shift away from 
animal prey and towards algal or detrital resources in these crayfish in the time period shortly 
before collection for laboratory dominance assays. Alternatively, these δ13C and δ15N differences 
might instead reflect differences in discrimination factors between these tissues relative to 
muscle and each other (Caut et al., 2009; deVries et al., 2015; Glon et al., 2016b). 
Hepatopancreas in particular was depleted in δ13C relative to both muscle and haemolymph, 
which may be due to the higher lipid content of this tissue, as inferred from the high C:N ratios 
(average = 11.12, range: 6.31 to 17.24) compared to muscle (average = 3.53, range: 3.22 to 3.94) 
and haemolymph (average = 3.35, range: 3.24 to 3.50; DeNiro and Epstein, 1977; Post et al., 
2007). High lipid content may artificially deplete δ13C, which can be corrected mathematically 
(Post et al., 2007). However, a lipid correction for hepatopancreas δ13C did not change the 
relationship between trophic position and dominance in our study (Appendix A). 
We also observed that δ13C and δ15N values for hepatopancreas, and δ13C values for 
haemolymph, shifted significantly toward the laboratory algae wafer diet for those crayfish 
acclimated for a week prior to behavioral assays, whereas muscle tissue δ13C and δ15N values did 
not. This suggests that these tissues do have faster isotopic turnover rates for crayfish than 
muscle, but more dedicated study is needed to calculate isotopic turnover rates or half-lives for 
hepatopancreas and haemolymph. No such estimates for crayfish exist, with past studies focused 
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mainly on muscle (Glon et al., 2016b). Stenroth et al. (2006) compared the isotopic composition 
of signal crayfish Pacifastacus leniusculus (Dana, 1852) exoskeleton, hepatopancreas, gills, claw 
muscle, and tail muscle finding differences in δ13C and δ15N between these tissues. Regardless, 
future studies seeking to link laboratory behavior to field function using stable isotopes should 
expect that the longer organisms are kept and fed in lab, the more likely isotopes are to reflect 
the lab diet rather than field function or interactions. 
In stable isotope ecology, primary consumers are routinely used as a baseline measure for 
the overall food web, providing more spatially and temporally stable information about primary 
producer energy sources (Peterson & Fry, 1987; Layman et al., 2015). In lentic ecosystems (i.e. 
lakes, ponds, wetlands), snails are often used to represent a littoral benthic energy pathway, 
whereas filter feeders like mussels or clams are generally used to represent a planktonic or 
pelagic energy pathway (e.g. Post, 2002; Vander Zanden et al., 2015). By contrast, in a fifth 
order river like the Kankakee, the planktonic contribution to the food web is likely to be 
relatively minimal, and clam diets may instead represent a mix of transported upstream 
allochthonous resources, benthic algae, and some phytoplankton or zooplankton (Finlay, 2001; 
Thorp & Delong, 2002). Clams significantly enriched in δ13C and δ15N between September 11 
and October 20, suggesting some seasonal shift in resource availability to filter feeders in the 
Kankakee River over this month. Yet timing of primary consumer collection did not affect our 
comparison of trophic position to dominance for crayfish across tissues considered and 
laboratory acclimation times. Future work on this topic might still seek to match timing of 
primary consumer collection to tissue turnover rates of organisms of interest, given the type of 
shifts observed in our clam consumers here and the seasonality of isotopes reported in other lotic 
ecosystems (Dekar et al., 2009; Heady & Moore, 2012). 
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Stable isotopes could potentially serve as a link between laboratory behavioral studies 
and the field function of individuals, informing a variety of questions on topics like the “ecology 
of individuals” (Bolnick et al., 2003) or providing further axes for consideration in behavioral 
syndromes (Sih et al., 2004). Although this is the second study to find no connection between 
dominance and diet within populations of the invasive crayfish F. rusticus, there are many 
opportunities to conduct similar studies using other species and behaviors, which may connect 
more reliably to field function inferred by stable isotopes. Such studies could investigate this 
relationship between populations or species, addressing the role of factors such as predator 
abundances, habitat type and availability, and seasonal variation in resource availability (Schmitz 
et al., 1997; Olsson et al., 2007; Cornwell et al., 2018). As one specific example, willingness to 
raid the nests of predatory fish may be a type of risky behavior that is heterogenous between 
individuals within or between crayfish populations, and this behavior could be well related 
between the laboratory and field diet using stable isotope analysis (Baldridge & Lodge, 2013). 
Being better able to connect behavior and ecology of individuals across spatial scales will permit 
a deeper understanding of the role of intraspecific and interspecific interactions within and 




Table 2.1 Rusty crayfish Faxonius rusticus dominance assays were scored on a scale from -2 to 
5, where negative results indicate the degree of retreat, positive values indicate the degree of 
aggression, and 0 indicates no interaction (Bruski and Dunham, 1987). 
Score Action 
-2 Tail flip or fast retreat 
-1 Slow retreat 
0 Within one body length with no visible interaction 
1 Approach without threat display 
2 Approach with threat display (e.g. meral spread, antennal whips) 
3 Boxing, pushing, or other agonistic interaction with closed chelae 
4 Grabbing, tearing, or other agonistic interaction with open chelae 




Table 2.2 Results of regression analyses (Fig. 2.4) comparing laboratory dominance to stable 
isotope-estimated trophic position for the rusty crayfish Faxonius rusticus using two primary 
consumer collection dates (September 11 and October 20), two laboratory acclimation periods 
(one day and one week), and three tissues (haemolymph, hepatopancreas, and muscle). 
 Haemolymph Hepatopancreas Muscle 
 p R2 n p R2 n p R2 n 
Sept, One Day  0.99 <0.01 7 0.45 0.04 16 0.76 <0.01 16 
Sept, One Week 0.53 0.45 3 0.68 0.01 16 0.58 0.02 16 
Oct, One Day 0.57 0.07 7 0.45 0.22 16 0.74 <0.01 16 






Fig. 2.1 We propose that an individual’s laboratory dominance (right) will be related to their 
trophic position (left) in the field. For example, we hypothesize that more dominant crayfish will 
have higher trophic positions, and that individuals with higher trophic positions in the field will 
be more dominant in the laboratory. We test this prediction using rusty crayfish Faxonius 
rusticus collected from the Kankakee River in Illinois, U.S.A. (background image). Trophic 
position is calculated after standardizing against the trophic positions of primary consumers 
(snails, clams) that represent different primary producer energetic pathways in freshwater food 





Fig. 2.2 We evaluated the sensitivity of comparisons between Faxonius rusticus dominance and 
trophic position (Fig. 2.1) to methodological choices around acclimation time of crayfish in the 
laboratory, tissues used for stable isotope analysis, and date of collection of primary consumers 
for trophic position calculations. Field sampling occurred in the Kankakee River, Illinois U.S.A. 
on three occasions (shown in green). We collected as primary consumers clams (Corbicula sp.) 
and snails (Lymnaea sp.) on two occasions, September 11 and October 20. We collected crayfish 
on two occasions, October 20 and October 22. Dominance assays for crayfish were conducted 
after either one day of acclimation in the laboratory (October 21) or after one week acclimation 
in the laboratory (October 30). Three crayfish tissues were used in calculations of trophic 
position due to their anticipated differences in isotopic turnover rates, from relative slow isotopic 
turnover (muscle; yellow), to intermediate (hepatopancreas; gray), to relatively rapid isotopic 
turnover (haemolymph; pink). The longer turnover rate tissues (i.e. muscle) may be more 
associated with the early primary consumers while the shorter turnover rate tissues (i.e. 
haemolymph) may be more associated with the late primary consumers. Images courtesy of the 





Fig. 2.3 Regression analyses (Table 2.2) with 95% confidence intervals between rusty crayfish 
Faxonius rusticus laboratory dominance scores and trophic positions for three tissues: muscle 
(blue/dashed/●), hepatopancreas (red/dotted/▲), and haemolymph (black/solid/■). Trophic 
positions calculated using the early primary consumers, collected September 11, are the left 
panels, and trophic positions calculated using the late primary consumers, collected October 20, 
are the right panels. Top panels are F. rusticus that were acclimated for one day in the laboratory 
and bottom panels are F. rusticus that were acclimated for one week. We do not include the 
regression analyses for the one week haemolymph samples due to small sample sizes and 






Fig. 2.4 Regression analyses (Table 2.2) with 95% confidence intervals between rusty crayfish 
Faxonius rusticus laboratory dominance scores and trophic positions for three tissues: muscle 
(blue/dashed/●), hepatopancreas (red/dotted/▲), and haemolymph (black/solid/■). Trophic 
positions calculated using the early primary consumers, collected September 11, are the left 
panels, and trophic positions calculated using the late primary consumers, collected October 20, 
are the right panels. Top panels are F. rusticus that were acclimated for one day in the laboratory 
and bottom panels are F. rusticus that were acclimated for one week. We do not include the 
regression analyses for the one week haemolymph samples due to small sample sizes and 
associated large 95% confidence intervals that obscure the other regression relationships in these 
panels.    
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CHAPTER 3: TESTING THE RELATIONSHIP BETWEEN INTRASPECIFIC 
COMPETITION AND INDIVIDUAL SPECIALIZATION ACROSS BOTH BEHAVIOR 
AND DIET 
3.1 Abstract 
Intraspecific variation is an important topic in ecology and a driver of evolutionary processes. As 
population densities increase, individuals may specialize to reduce competitive pressure with 
conspecifics. Theoretical studies support a direct relationship between increasing population 
density and increasing individual specialization. However, empirical studies have not always 
supported these theoretical predictions, sometimes finding a unimodal relationship, with the 
greatest individual specialization at moderate densities and decreasing specialization at both high 
and low densities. One reason for this divergence between theoretical predictions and empirical 
evidence may be the specific metrics of specialization considered. Individual specialization 
measured from diet may differ from other metrics like behavior at high relative abundances due 
to depletion of preferred food resources, thereby limiting opportunity for increased dietary 
specialization. In this study, we tested the role of intraspecific competition on individual 
specialization through analysis of both behavior and diet. We conducted this study in Vilas 
County, Wisconsin, United States using the invasive Rusty Crayfish Faxonius rusticus collected 
from six lakes across a gradient of low to high relative abundance. We conducted six behavioral 
assays to measure behavioral specialization between populations and used stable isotope analysis 
to measure dietary specialization as isotopic breadth or spread. We then related both measures of 
specialization to relative abundance of F. rusticus in our study lakes using linear and quadratic 
models. We found that a unimodal relationship was more supported than a linear relationship 
between dietary specialization and F. rusticus relative abundance. By contrast, we found greater 
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support for a linear relationship between behavioral specialization and relative abundance, 
although this pattern was comparatively weak. Our results show that the metric used can 
influence outcomes of comparisons between intraspecific competition and individual 




 Intraspecific variation is an important topic in ecology and a driver of evolutionary 
processes (Lomnicki, 1988; Bolnick et al., 2011). The role of individual variation within 
populations has been receiving increased attention, with particular concern given to relationships 
between population density, or intraspecific competition, and the ecology of individuals (Yoder 
et al., 2010; Nosil, 2012; Des Roches et al., 2018). As population density increases, resources are 
depleted at accelerated rates; additionally, the opportunities for intraspecific interactions are also 
increased. These two factors are likely to interact, resulting in increased intraspecific competition 
for more limited resources, whether food, habitat, or reproductive opportunities (McIntosh, 1970; 
Alley, 1982). As resources become more depleted, individuals can become more specialized to 
reduce competitive pressure within the population (Bailey et al., 2013). Theoretical studies 
propose a direct positive relationship between population density and individual specialization 
(e.g. Roughgarden, 1972; Futuyma & Moreno, 1988). However, some empirical studies have 
instead found a unimodal relationship where the greatest individual specialization occurs at 
moderate densities with decreasing specialization at both high and low densities (Abrams et al., 
2008; Jones & Post, 2013; Mateus et al., 2016). One potential explanation for declining 
individual specialization at high densities is depletion of resources (e.g. food) that individuals 
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could specialize on. In a recent meta-analysis on this topic, Jones & Post (2016) found that there 
were equal instances in which competition increased individual specialization relative to those in 
which competition decreased individual specialization.  
One way to measure individual specialization is through analysis of diet diversity. Higher 
population densities are often associated with higher rates of resource depletion via exploitative 
competition. As resources are depleted, some individuals within a population may shift their 
feeding to alternative prey items (Diehl, 1993). For example, Svanbäck & Persson (2004) found 
that when European Perch Perca fluviatilis densities were high and benthic invertebrates were 
depleted, some P. fluviatilis switched to feeding on the more abundant zooplankton, 
demonstrating that feeding behavior can change in response to increasing densities which have 
altered resource availability. Similarly, Tinker et al. (2008) found that California Sea Otters 
Enhydra lutris nereis fed on more diverse prey items in food-poor environments than in more 
food-rich environments. Stable isotopes of elements like carbon and nitrogen have been 
commonly employed for investigations of diet and feeding ecology (Peterson & Fry, 1987; Post, 
2002; Moore & Semmens, 2008). Stable isotopes can be used to infer individual specialization 
by a number of measures that calculate within-population spread or variance of isotopic values 
(Layman et al., 2007; Jackson et al., 2011). More similar diets within a population will have 
similar or clustered δ13C and δ15N values, whereas less similar individual diets within a 
population will have dispersed or variable δ13C and δ15N values. Diet in the field may have a 
unimodal peak, where greatest specialization is observed at intermediate densities, due to 
depleted resources at high densities. As intraspecific competition increases, individuals may use 
less-preferred prey, resulting in increased individual specialization and expanded isotopic values 
within populations. At high levels of intraspecific competition, however, many prey resources 
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may be depleted, and within-population isotopic values may contract as individuals consume 
similar, remaining prey. 
Alternatively, some forms of individual specialization might increase continuously with 
intraspecific competition because they are not resource limited at high population densities. For 
example, behavioral specialization, particularly as related to interference competition for food, 
habitat, or mates, could increase linearly with increasing population densities (Svanbäck & 
Bolnick, 2005; Jones & Post, 2013). Even as preferred food resources decline with increasing 
intraspecific competition, individuals may continue to specialize in how and when they forage. 
However, behavioral specialization has been less studied than dietary specialization over 
gradients of intraspecific competition (Araújo et al., 2011; Jones & Post, 2016). Where it has 
been studied, researchers have found emergence of ‘behavioral syndromes’ at high population 
densities, in which certain correlated behaviors may be best for competing with conspecifics. 
Pintor et al. (2009) found that as population densities of Signal Crayfish Pacifastacus leniusculus 
increased, intraspecific aggression and time spent foraging also increased. Similarly, in 
populations of Guppies Poecillia reticulate, increased density resulted in increased competition 
between males and increased mate searching (Jirotkyl, 1999).  Yet it seems reasonable that 
behavioral specialization could increase with increasing density, and could provide a contrast or 
test against a unimodal relationship for diet specialization, as behavior is not necessarily resource 
limited. 
 Inconsistent relationships between intraspecific competition and individual specialization, 
including between theoretical and empirical studies, may be a consequence of the specific metric 
of individual specialization used. This possibility can be evaluated by measuring and comparing 
multiple metrics of individual specialization between populations of a species over a density or 
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intraspecific competition gradient. Glon et al. (2016a) proposed comparing laboratory behavior 
to past field diet for the same, specific individuals using stable isotope analysis, particularly for 
organisms where stable isotope incorporation or turnover rates are relatively slow (Vander 
Zanden et al., 2015; Glon et al., 2016b; Chapter 2). Presently, we assess the impact of 
intraspecific competition on individual specialization through analysis of diet and laboratory 
behaviors concurrently. We chose to conduct this study using Rusty Crayfish Faxonius rusticus 
in the northern highland lake district of Wisconsin, United States (U.S.), as F. rusticus have been 
well studied since their initial discovery in the system in the 1970s (Capelli & Magnuson, 1983) 
and have known isotopic turnover rates (Glon et al., 2016b). This study is the first to empirically 
assess the effect of abundance on individual specialization using two different metrics of 
specialization on the same individuals, and to demonstrate a methodology that could be more 
widely applied to reconcile disagreements between predicted and observed relationships between 
individual specialization and intraspecific competition.  
 
3.3 Methods 
Study Species and Area 
We conducted this study in Vilas County, Wisconsin, U.S. using F. rusticus, an invasive 
crayfish in the region. Faxonius rusticus is native to the Ohio River drainage of the Midwestern 
U.S.; however, it has been introduced throughout North America through multiple vectors 
including use as live bait and the biological supply trade (Lodge et al., 2000; Olden et al., 2006; 
Larson & Olden, 2008). Faxonius rusticus was first found in Wisconsin in the late 1960s and has 
since spread widely throughout this state (Capelli & Magnuson, 1983; Olden et al., 2006). 
Faxonius rusticus negatively impacts populations of its preferred prey resources, like snails and 
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other macroinvertebrates, suggesting that this species likely experiences intraspecific 
competition at high relative abundances (Olsen et al., 1991; McCarthy et al., 2006; but see 
Messager & Olden, 2018 for review of density dependence in F.rusticus). Long-term monitoring 
of populations of F. rusticus in northern Wisconsin provided us with an a priori understanding of 
F. rusticus relative abundances within these lakes (Larson et al., 2019). We aimed to collect 
crayfish from similar lakes (all medium-sized, mesotrophic, temperate lakes) across a broad 
relative abundance gradient. We collected crayfish from Birch Lake, Boulder Lake, Papoose 
Lake, Presque Isle Lake, South Turtle Lake, and Spider Lake (Table 3.1).  
 
Lake Sampling 
We sampled our study lakes in July 2018, following convention in this system of 
estimating crayfish relative abundance as male catch-per-unit effort (CPUE) from baited trapping 
(Capelli & Magnuson, 1983; Larson et al., 2019) following a mid-summer molt to reproductively 
active Form I (Berrill & Arsenault, 1984). We conducted baited trapping from July 17, 2019 to 
July 23, 2019 using overnight sets of wire-mesh, cylindrical crayfish traps. Traps were baited 
with ~120 g beef liver and set nearshore at depths of 1-3 m. We used 24 traps in all lakes except 
for Birch Lake, where we used 30 traps following convention of long-term monitoring in this 
system (Fig. 3.1; Larson et al., 2019). We then estimated relative abundance as mean male CPUE 
for each lake, capturing our intended gradient of low to high relative abundance (Table 3.1).  
Following baited trapping, we collected crayfish by hand while snorkeling for use in our 
laboratory and stable isotope analyses. We collected crayfish by hand to avoid biases that may be 
associated with collecting crayfish by baited trapping, which selects for larger and more 
aggressive individuals (Larson & Olden, 2016). We collected crayfish between July 23, 2019 and 
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August 9, 2019. We collected four crayfish at each of three baited trapping locations (12 crayfish 
total) dispersed throughout each of our six study lakes in order to represent overall populations 
of F. rusticus per lake (Fig. 3.1). In our lowest abundance lake (Birch Lake), we were unable to 
find crayfish by hand collecting at two trap locations. As a consequence, we used baited trapping 
to collect crayfish from two of the locations at Birch Lake, and evaluated behavioral and isotopic 
differences between trapped and hand collected crayfish at the one location within Birch Lake 
where both methods were successful (Appendix B). Across all lakes, we used adult male, Form I 
F. rusticus with mean total carapace lengths of 31.1 mm (± 3.8 mm SD). 
In addition to crayfish, we collected primary consumers (mussels and snails) from each of 
these lakes to assess lake-level differences in the baseline stable isotope ratios (δ13C and δ15N) of 
pelagic and littoral benthic energy pathways (France, 1995; Vander Zanden & Rasmussen, 1999; 
Araújo et al., 2007; Olsson et al., 2009). We collected Unionidae mussels from all six lakes; non-
native Chinese Mystery Snails Cipangopaludina chinensis from Birch Lake, Boulder Lake, 
South Turtle Lake, and Spider Lake (Solomon et al., 2010); and Planorbidae snails from Presque 
Isle Lake. We were unable to find any snails in Papoose Lake likely due to consumption by F. 
rusticus (McCarthy et al., 2006). These primary consumers were kept in water from their 
respective lakes for transport to the laboratory, where they were frozen. 
Following collection, crayfish were transported from their respective lakes to Trout Lake 
Station (TLS), a field-station operated by the Center for Limnology at the University of 
Wisconsin – Madison. Crayfish were kept in separate compartments in tackle boxes during 
transit to isolate the crayfish from each other. We provided a shallow supply of water in the 
tackle boxes to keep the crayfish moist during transport to the laboratory. At TLS, the crayfish 
were kept in their own individual small containers (1 L) to avoid interactions. The containers 
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were filled with water supplied from adjacent Trout Lake, and water was changed every other 
day. Containers were aerated by air stones connected to air pumps via tubing. We added shelter 
structures (1.25 cm x 6 cm half PVC pipe) to these containers prior to bringing the crayfish to the 
laboratory. The crayfish were fed half an algae wafer (~0.3 g; Hikari Tropical Algae Wafers, 
Himeji, Japan) per day, except when fasting prior to behavioral assays. Past research has 
demonstrated that F. rusticus δ13C and δ15N stable isotope ratios of muscle tissue do not shift 
significantly towards laboratory foods over similar laboratory feeding durations (Glon et al. 
2016b, Chapter 2). 
 
Behavioral Assays 
Six behavioral assays were conducted following a one-day acclimation period in the lab 
at TLS. We fasted the crayfish for 24 hours before the diet assays, but no fasting occurred for the 
remaining assays (Pintor et al., 2008). We conducted assays of shelter use, exploration, feeding 
flexibility (with three separate assays), and response to stimuli to broadly characterize individual 
specialization of F. rusticus individuals. These behavioral assays were chosen to represent four 
of the five temperament traits in animal behavior: boldness, exploration, activity, and 
aggressiveness (Réale et al., 2007). 
The first behavioral assay was conducted in the 1 L containers where crayfish were 
maintained during their time in the laboratory while the five remaining assays (exploration, three 
feeding trials, and response to stimuli) were all conducted in separate 5.5 L experimental arenas 
(36 cm length x 23 cm width x 10 cm height). For each of these five assays in experimental 
arenas, the water was changed between each crayfish observation, and each individual was 
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acclimated for 15 minutes prior to the start of each assay. We used black plastic sheeting to 
create a blind to obscure the observer from the crayfish.  
The first behavioral assay assessed the activity and exploration of individuals. For this 
assay, we observed shelter occupancy by crayfish over 12-hours following the one-day 
acclimation period, as a measure of activity. Less active crayfish were anticipated to remain in 
shelters throughout the day, whereas more active crayfish were anticipated to explore. During the 
12-hour period from 8 AM and 8 PM, an observer recorded whether the crayfish was within the 
shelter hourly. 
The second behavioral assay measured exploration by assessing the willingness of 
crayfish to explore a new area (Verbeek et al., 1994). We placed an opaque, black plastic divider 
in the experimental arena to block a portion of the tank from view of the crayfish during the 
fifteen-minute acclimation period. After this period, the opaque divider was removed, and the 
observer recorded the latency time it took for the crayfish to explore the new area with a 
maximum time of 20 minutes.  
The third, fourth, and fifth behavioral assay consisted of three separate feeding assays 
related to the individual’s flexibility in feeding and their boldness. For each of these assays, the 
experimental arenas were divided into three sections, separated by two plexiglass dividers. We 
used C. chinensis (15.9 ± 3.02 mm; mean ± SD) from Allequash Lake in Vilas County 
Wisconsin, U.S.A. as our high quality food item (“snail”). We used conditioned Red Oak 
Quercus rubra leaves cut into squares as our low quality food item (“detritus”; Nyström et al., 
1999). The first and second feeding assays looked at feeding flexibility. The first assessed the 
time it took for the individual to take a high-quality food item (snail) while the second assessed 
the time it took for the crayfish to take a lower quality food item (detritus). For each of these 
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feeding assays, the first section of the experimental arena contained the individual being 
observed, the second section of the container contained the food item (a snail or detritus), and the 
third section of the container was empty. After the fifteen-minute acclimation period, the divider 
between the crayfish and the food item was removed. The observer recorded the time until the 
crayfish first attempted to feed on the food item.  
The third feeding assay assessed the boldness of the individual to feed in the presence of 
a conspecific individual. We replicated the snail feeding assay but with a size-matched 
conspecific present in the third (previously empty) section of the arena. Size-matched 
conspecifics were within a mean of 3.9 mm (± 3.87 mm SD) total carapace length of the study 
individuals. The clear dividers permitted the crayfish to see each other, but not to physically 
interact, while the study individual foraged. In the same method as in the assays with the snail 
and detritus assays, the divider between the study crayfish and the snail was removed after the 
15-minute acclimation period, and the observer recorded the time until the crayfish first 
interacted with the food item. In each of the three feeding assays, we recorded the latency to feed 
with a maximum time of 20 minutes.  
The sixth behavioral assay examined the aggressiveness of individuals. To test the fight 
or flight responses of individuals, we observed their response to a novel object moving toward 
them (Pagé & Cooper, 2004). We chose to use a novel object instead of recording interactions 
with a conspecific to limit the effect or dependency of the conspecific’s behavior on the outcome 
of this assay. After the crayfish acclimated for fifteen minutes in the experimental arena 
unconstrained by any dividers, the observer moved a wooden rod (29 cm length x 0.25 cm 
diameter) toward the crayfish. For consistency, we approached the crayfish from the anterior side 
of the crayfish in each trial and scored their initial response. We used a truncated version of the 
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scale from Bruski & Dunham (1987), which ranges from -2 to 4 with negative scores indicating a 
degree of retreat from the rod, positive scores indicate an aggressive response such as threat 
displays and grabbing, and zero indicating no response (Table 3.2; Bruski & Dunham, 1987). 
This assay was conducted three times for each crayfish with a 15 minute re-acclimation period 
between each approach with the rod. We averaged the scores for each crayfish across the three 
approaches for subsequent statistical analyses. 
  
Stable Isotope Processing 
To limit the amount of isotopic shift towards the laboratory diet, we acclimated the 
crayfish for one day, as opposed to the more customary one week acclimation period (e.g. 
Schneider et al., 2000; Daws et al., 2002). Similarly, we used muscle tissue from the crayfish for 
our stable isotope analysis because crayfish muscle tissue has slow turnover rates that would not 
shift appreciably toward a laboratory food over only one week (Glon et al., 2016b; Chapter 2). 
Crayfish were frozen immediately following the aggression assay to preserve their tissue until 
preparation for stable isotope analysis.  
Muscle tissue from the crayfish, and foot tissue of both primary consumers (snails and 
mussels), was dissected for stable isotope analysis, after which all samples were placed in a 
drying oven (Fisher Scientific Isotemp 100 L Oven) at 60 C for 24 hours. Dried samples were 
then homogenized using a stainless-steel mortar and pestle that was cleaned between each 
sample. We then used a microbalance to weigh homogenized tissue into tins (UC-Davis Stable 
Isotope Facility recommendation for animal tissues: 1 ± 0.2 mg). We then shipped the samples to 
the University of California – Davis Stable Isotope Facility, where they were analyzed using a 
PDZ Europa ANCA-GSL elemental analyzer with a PDZ Eutopa 20-20 isotope ratio mass 
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spectrometer (Sercon Ltd., Cheshire, UK). The sample values were corrected using laboratory 




To quantify individual specialization by diet within these lakes, we used values of δ15N and 
δ13C per F. rusticus to calculate 95% confidence ellipses using the ggplot2 package (Wickham, 
2016) in R version (3.5.2). Although most stable isotope studies use the SIBER package 
(Jackson et al., 2011) to measure 95% confidence ellipses around δ15N and δ13C, we used the 
ggplot2 package (Wickham, 2016) in R version (3.5.2) to allow for consistency in the measure of 
individual specialization between our diet and behavior metrics (below). To assess the amount of 
individual specialization by behavior within each lake, we conducted a scaled principle 
component analysis (PCA) using the correlation matrix through the Vegan package (Oksanen et 
al,. 2019) in R version (3.5.2) on all of our behavioral responses. Based on the variance 
explained in our first two axes and the marginal significance of the third axis, we quantified 
individual specialization in behavior within populations by calculating 95% confidence ellipses 
on the first two axes using the ggplot2 package (Wickham, 2016) in R version (3.5.2). 
We fit linear and quadratic models between relative abundance and specialization from both 
diet and behavior with Base R in R version (3.5.2). Linear models could reflect increasing or 
decreasing individual specialization in response to relative abundance, whereas quadratic models 
were anticipated to capture a positive unimodal relationship between our predictor and response. 
We then used AICc model competition with the MuMIn package (Barton, 2018) in R version 
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(3.5.2) to compare the linear and quadratic models to relate our lake relative abundances to both 
metrics of specialization. We used AICc instead of AIC due to our small sample size of six lakes. 
 
3.4 Results 
Benthic littoral and pelagic energy sources appeared largely consistent between our study 
lakes, with Unionidae mussels depleted in δ13C, reflecting the pelagic food webs, and snails 
enriched in δ13C, reflecting the benthic littoral food web (Fig. 3.2). Crayfish were intermediate 
in δ13C relative to primary consumers at most lakes, and were more enriched than primary 
consumers in δ15N at all lakes, reflecting the higher trophic position of crayfish. Given these 
consistent relationships between crayfish and primary consumer δ13C and δ15N values, we 
performed our analyses with uncorrected δ13C and δ15N, rather than standardizing to trophic 
position or δ13C width per lake as in papers like Araújo et al. (2007) or Larson et al. (2017).  
The first two axes of our PCA explained 44.01% of the variance in crayfish behavior and 
were significant by Kaiser’s rule (SD = 1.30, 1.05), whereas the third axis was marginally 
significant (SD = 1.00). The first axis explained 29.14% of the variance and the second axis 
explained 14.87% of the variance (Fig. 3.3). For the first axis of the PCA, positive loadings were 
associated with crayfish that spent more time in shelter, were slow to feed in all three feeding 
assays, and did not explore the novel area while negative loadings were associated with crayfish 
that were more aggressive toward the novel object. As such, the fist axis of our PCA may 
represent a behavioral syndrome of correlated behaviors, in which shy individuals are 
represented by positive values and bold individuals are represented by negative values on this 
PCA. For the second axis of the PCA, positive loadings were associated with crayfish that did 
not explore and that did not feed in the presence of another crayfish, while crayfish with negative 
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loadings spent more time spent in shelter, were slow feeding on the snail and detritus, and were 
more aggressive. 
For the relationship between individual specialization of diet and relative abundance, the 
quadratic model was most supported by AICc, with the linear model less supported (ΔAICc= 
20.78). Our most-supported quadratic model had a relatively high R2 of 0.66 (Fig. 3.5). For the 
relationship between individual specialization of behavior and relative abundance, the linear 
model was more supported, with the quadratic model less supported (ΔAICc= 29.88). However, 
this linear model had relatively poor fit, with an R2 of 0.39 (Fig. 3.5).  
 
3.5 Discussion 
 A prediction of theory in both ecology and evolution is that as competition increases, 
individuals will become more specialized to alleviate competitive pressure for food or other 
resources (Lomnicki, 1988; Nosil, 2012). This specialization could even contribute to sympatric 
speciation in some cases (Caillaud & Via, 2000; Knudsen et al., 2010; Lu & Bernatchez, 2017). 
Although theoretical studies support greater individual specialization at greater population 
abundances, empirical studies have been less conclusive, suggesting decreased specialization at 
high abundances in many cases, particularly for exploitative competition where limited resources 
deplete at high densities (Jones & Post, 2016). As such, the specific metric of individual 
specialization used can determine outcomes of this relationship to intraspecific competition or 
density. Accordingly, we sought to assess the relationship between relative abundance and 
individual specialization for an invasive crayfish using two metrics, diet and behavior, 
concurrently. Consistent with our expectations, we found a unimodal relationship between 
relative abundance and diet, where dietary specialization by individuals was highest at 
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intermediate relative abundances but declined at high relative abundances. This suggests our 
study organism F. rusticus does experience density dependent effects of limited food resources at 
high relative abundances in these lakes (Lodge et al., 1994; Charlebois & Lamberti, 1996; 
Wilson et al., 2004; Gherardi & Acquistapace, 2007). Alternatively, we found a weak but 
positive linear relationship between relative abundance and individual specialization of behavior 
for this crayfish. Specialization of individual behaviors may show a positive relationship with 
increasing relative abundance consistent with theory, but this question would benefit from more 
attention and higher replication than we were able to include in our study. Because we used the 
same individuals to measure both dietary and behavioral specialization concurrently, the 
difference in the relationship between each and relative abundance can be attributed to 
differences in the measure of the individual specialization, rather than differences between 
individuals or populations.  
 A unimodal relationship between intraspecific competition and individual specialization 
for diet is dependent on resource depletion at high densities, which is not seen for all species 
under in situ conditions. Our study does support density dependence of F. rusticus, observing 
decreased specialization at high abundances. This decrease might indicate that prey resources are 
limited in these lakes with increased F. rusticus abundances, as F. rusticus has been shown to 
decrease abundance and richness of benthic invertebrates such as snails (e.g. Wilson et al., 2004; 
Roth et al., 2006; McCarthy et al., 2006). Future studies of dietary specialization in F. rusticus 
might measure prey availability, and directly relate this prey availability to dietary specialization 
to determine whether prey availability drives differences in specialization. 
 Theory suggests a direct, linear relationship between specialization and density, where 
higher densities exhibit more specialization (e.g. Roughgarden, 1972; Futuyma & Moreno, 
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1988). Here, we found a positive linear relationship between behavioral specialization and 
relative abundance for F. rusticus across an abundance gradient. In our high abundance lakes as 
measured by CPUE, like Papoose Lake and Presque Isle Lake, we observed more bold and 
aggressive individuals, similar to the increased prevalence of behavioral syndromes observed 
with increased population densities of P. leniusculus (Pintor et al., 2009) Similar increases in 
behavioral syndromes with increasing abundance have also been observed in other taxa (Sih et 
al., 2004; 2012). However, these high abundance lakes had shy individuals, which combined 
with the bold and aggressive individuals, resulted in our observed increased specialization in 
these high abundance populations (Sih et al., 2004; 2012). This observed relationship between 
relative abundance and behavioral specialization was weaker than our unimodal relationship for 
diet, and may benefit from greater power to elucidate this relationship. 
 We have attributed differences in individual specialization of F. rusticus within our study 
lakes to the effects of intraspecific competition at high relative abundances, but other factors 
such as top-down effects of predators or bottom-up effects of resource availability could be 
affecting both crayfish behavior and diets. We chose our lakes to be as similar as possible in 
terms of size, productivity, and F. rusticus invasion history while still maintaining our gradient 
of relative abundance, but these lakes will inevitably have some abiotic and biotic differences. 
First, although fish may alter the diet and behavior of our crayfish (Stein & Magnuson, 1976; 
Keller & Moore, 2000), we know our sampled lakes have largely similar fish communities 
(Kreps et al., 2016). However, we do not know the relative abundances of these fish concurrent 
with our sampling for F. rusticus to infer how they might influence crayfish behavior and diet. 
For example, crayfish in temperate lakes may be less active when predatory fish are highly 
abundant (Jurcak et al., 2016). Further, some of our lakes do differ by water clarity (Table 3.1), 
49 
 
which has been shown to impact foraging behavior and diet choice for some freshwater taxa (e.g. 
Crowl, 1989; Wong & Candolin, 2014). Crayfish respond to chemical and visual cues both 
behaviorally and in feeding decisions (Renai & Gherardi, 2004; Correia & Anastácio, 2008); 
therefore, future studies investigating individual specialization of crayfish diet and behavior 
might benefit from more match of water clarity or lake productivity gradients. Finally, recent 
research from our study region has suggested that behavior of these crayfish can be strongly 
influenced by trematode parasites (Sargent et al. 2014). We investigated whether trematodes 
could be influencing this relationship between relative abundance and individual specialization 
of both diet and behavior, but we found little evidence of differences in the number of F. rusticus 
infected at each lake (Appendix C).  
 Our study used stable isotope analysis on individual crayfish assayed for behavior in the 
laboratory to test whether the relationship between individual specialization and intraspecific 
competition is contingent on the metric of individual specialization used. Specifically, we found 
a unimodal relationship between diet specialization and intraspecific competition, in which 
resource depletion at high relative abundances likely restricts or limits the potential for 
continuing individual specialization. Alternatively, we found that behavioral specialization, 
which is not necessarily resource-limited, increases linearly with increasing relative abundance. 
Future studies on this topic could apply our methodology, or related approaches (i.e. fatty acid 
analysis), to other systems and similar questions (Iverson, 2009; Galloway et al., 2015). In 
particular, our results would benefit from greater replication and associated statistical power, 
which may be possible in systems where collection of individuals and behavioral observation are 
easier across many sites or populations (i.e. smaller arthropods; Pruitt et al., 2016). The 
relationship between intraspecific competition and individual specialization has an important role 
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in both ecology and evolution, and we demonstrate here that past disagreement around this 






Table 3.1 Attributes for each lake sampled for Rusty Crayfish Faxonius rusticus including catch-per-unit effort (CPUE) from our 
sampling, size, secchi depth (an average of 2018 measurements; https://dnr.wi.gov/lakes/waterquality/Stations.aspx?location=64), max 
depth, and year invaded (Capelli & Magnuson, 1983). The CPUE of individual trap locations where we collected crayfish for our 
dietary and behavioral analysis are shown in parentheses after the lake-level CPUE. For the year invaded, all lakes were invaded prior 
to the initial sampling by Capelli & Magnuson (1983) or earliest initial sampling reported by Larson et al. (2019). 
 
Lake CPUE Size (ha) Max Depth (m) Secchi Depth (m) ± SD Year Invaded 
Birch Lake 1.5 (1,2,7) 205 14 1.8 ± 0.2 <1975 
Boulder Lake 7.5 (6,7,25) 212 7 2.0 ± 1.2 <1975 
Papoose Lake 25.9 (26, 32, 38) 173 20 4.2 ± 0.6 <1975 
Presque Isle Lake 26.5 (29,44,56) 471 31 7.6 ± 1.2 <1975 
South Turtle Lake 11.2 (8,9,13) 189 12 2.0 ± 0.4 <1975 





Table 3.2 To measure aggression in Rusty Crayfish Faxonius rusticus, we approached the 
crayfish three times with a 15-minute acclimation period before each approach. The initial 
response of each approach was scored on a scale from -2 to 4, where negative results indicate the 
degree of retreat, positive values indicate the degree of aggression, and 0 indicates no interaction 
(Bruski and Dunham 1987). 
 
Score Action 
-2 Tail flip or fast retreat 
-1 Slow retreat 
0 Within one body length with no visible interaction 
1 Approach without threat display 
2 Approach with threat display (e.g. meral spread, antennal whips) 
3 Boxing, pushing, or other agonistic interaction with closed chelae 









Fig. 3.1 Map of lakes sampled (blue) for Rusty Crayfish Faxonius rusticus in northern 
Wisconsin. Trap locations used for overall lake estimates of relative abundances as catch-per-
unit effort (CPUE) are marked with grey circles, hand-collection locations are marked with red 
squares. At Birch Lake, we were unable to hand-collect F. rusticus at two locations due to low 
abundances; therefore, we trap-collected F. rusticus at these two locations, which are indicated 





Fig. 3.2 Stable isotope data for mussels (inverted triangles), snails (black diamonds), and Rusty 
Crayfish F. rusticus (with 95% confidence intervals) for each lake. We collected Unionidae 
mussels from all lakes; Chinese Mystery Snails Cipangopaludina chinensis from Birch Lake, 
Boulder Lake, South Turtle Lake, and Spider Lake; and Planorbidae snails from Presque Isle 




Fig. 3.3 Principle component analysis (PCA) with arrows to show the relationships and relative 
effects of the six behavioral assays: shelter occupancy (Shelter), latency to explore (Exploration), 
latency to feed on a snail (Snail), latency to feed on conditioned leaf litter (Detritus), latency to 
feed on a snail in the presence of another crayfish (Crayfish), and aggressiveness of response to 
stimuli (Aggression). Higher values for Exploration, Snail, Detritus, and Crayfish are associated 




Fig. 3.4 Principle component analysis (PCA; Fig. 3.3) with 95% confidence ellipses for the 








Fig. 3.5 Linear and quadratic model fits for both dietary specialization measured as the 95% 
confidence ellipse interval around crayfish isotope ratios compared to catch-per-unit effort 
(CPUE; A) and behavioral variation measured as the 95% confidence interval ellipse area around 
the PCA compared to CPUE (B). Symbols correspond with study lakes in Fig. 3.2 and Fig. 3.4.  
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CHAPTER 4: SUMMARY 
 In situ studies can be challenging due to many uncontrollable factors, leading to smaller 
scale studies designed to address both basic and applied aspects of ecology (Beukers & Jones, 
1998). However, studies conducted on the same questions at different scales do not always 
produced the same results (Carpenter 1996, Skelly 2002). In my thesis, I used stable isotopes to 
relate laboratory behavior to field function within and between populations. In my first study, I 
explored whether stable isotopes of carbon and nitrogen could be used to connect laboratory 
dominance of rusty crayfish Faxonius rusticus to their trophic position in the field and evaluated 
how sensitive these comparisons are to both laboratory behavioral and stable isotope 
methodology. In my second study, I expanded this approach to make comparisons between, 
rather than within, populations of F. rusticus, relating individual specialization of both diets and 
behaviors to intraspecific competition or relative abundance across a series of lakes.  
 In the first study (Chapter 2), I further test a method initially proposed by Glon et al. 
(2016a) using stable isotopes to connect smaller scale laboratory to in situ field environments. 
Glon et al. (2016a) had proposed linking laboratory behaviors to field function of organisms 
using stable isotopes, but found no relationship between F. rusticus dominance and trophic 
position within one population from a single river. I tested whether Glon et al.’s (2016a) results 
were sensitive to a series of decisions related to both laboratory and stable isotope methodology, 
including duration of acclimation of study crayfish, timing of primary consumer collection for 
trophic position calculations, and use of specific tissues as related to isotopic incorporation or 
turnover rates. Ultimately, regardless of these methodological decisions, I did not find a 
relationship between laboratory dominance and trophic position for F. rusticus, supporting Glon 
et al.’s (2016a) conclusion that these aspects of crayfish individual ecology are not necessarily 
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linked. However, despite this finding, this approach may still be useful in linking other 
laboratory and field behaviors or interactions, whether within or especially between populations. 
For example, dominance of individuals may be more related to reproductive success or habitat 
acquisition than competition for prey among these organisms (Berrill & Arsenault, 1984; Martin 
III & Moore, 2008), and other laboratory behaviors, such as exploration or feeding flexibility, 
may be better related to field diet or trophic position (Réale et al., 2007). 
 In the second study (Chapter 3), I aimed to expand the preceding question to between-
population research, by investigating the relationship between intraspecific competition and 
individual specialization for both diet and behavior concurrently. Ecological and evolutionary 
theory has predicted a direct positive relationship between relative abundance and individual 
specialization, as organisms seek to minimize intraspecific competition at high abundances (e.g. 
Roughgarden, 1972; Futuyma & Moreno, 1988). However, empirical studies have produced 
equivocal support for this theoretical prediction, instead often finding a unimodal relationship 
with greatest individual specialization at intermediate densities (Jones & Post, 2016). This 
discrepancy may because some metrics of individual specialization (i.e. diet) are limited by 
resource depletion at high relative abundances or densities, whereas other metrics of individual 
specialization (i.e. behavior) may be less resource-constrained and continue to increase with 
conspecific abundance. The approach of Glon et al. (2016a) seemed appropriate to ask this 
question for the same individuals over a gradient of population abundance, as stable isotopes 
may hindcast the past diets of organisms being observed for behavior in the laboratory. I tested 
the relationship between intraspecific competition and individual specialization of both diet and 
behavior using well-studied F. rusticus populations in northern Wisconsin over a gradient of 
relative abundance. Interestingly, I found divergent patterns dependent on metric of individual 
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specialization, with a strong unimodal relationship between relative abundance and dietary 
specialization, and a weaker linear relationship for behavioral specialization. These results 
suggest that the mismatch between theoretical predictions and some empirical studies on the 
relationship between individual specialization and intraspecific competition is likely dependent 
on the metric of specialization used, and whether or not it is affected by resource depletion at the 
highest abundances or densities. Future work on this topic may benefit from increased replication 
and associated statistical power, but I demonstrate an approach to investigate multiple metrics of 
individual specialization concurrently adapted from the methodology of Glon et al. (2016a) and 
my own chapter 2.  
 These two chapters together demonstrate the potential to use laboratory behavioral assays 
and stable isotope-inferred diets together to study “the ecology of individuals” both within and 
between populations (Bolnick et al. 2003). Chapter 2 asks how sensitive laboratory and field 
linkages by stable isotope analyses are to specific methods decisions, finding that they are 
largely insensitive to these choices. While I verified that dominance and diet appear to be 
unrelated within populations of an invasive crayfish, I demonstrated a methodology that may be 
applied to a variety of other questions, both within and between populations. The results of 
Chapter 3 extend the ideas of Chapter 2 to one particular between-population question, as I 
sought to explain discrepancies between theoretical and empirical studies of individual 
specialization in response to intraspecific competition. I found that the metric of individual 
specialization considered determined the response to intraspecific competition, demonstrating 
that this combined application of laboratory behavioral studies and stable isotope analyses can 
provide novel ecological insights. My thesis shows that linking diet and behavior between 
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populations using stable isotopes can be a good approach to many questions in ecology and 
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APPENDIX A: HEPATOPANCREAS LIPID CORRECTION 
We sought to relate laboratory dominance and the field trophic position of rusty crayfish 
Faxonius rusticus (Girard, 1952) using stable isotopes of carbon and nitrogen, and tested the 
sensitivity of this linkage to methodological decisions. One decision we tested was whether the 
tissue analyzed for stable isotopes impacted this relationship, comparing F. rusticus muscle, 
hepatopancreas, and haemolymph. Hepatopancreas in particular was depleted in δ13C relative to 
both muscle and haemolymph, which may be due to the higher lipid content of this tissue, as 
inferred from the high C:N ratios (average = 11.12, range: 6.31 to 17.24) compared to muscle 
(average = 3.53, range: 3.22 to 3.94) and haemolymph (average = 3.35, range: 3.24 to 3.50; 
DeNiro & Epstein 1977, Post et al. 2007). High lipid content may artificially deplete δ13C, which 
can be corrected mathematically (Post et al. 2007; Fig. A1) following:  
 
[1] δ13Cnormalized =  δ13Cuntreated − 3.32 + 0.99 ∗ C: N 
 
where δ13Cnormalized is the lipid corrected δ13C, δ13Cuntreated is the original, uncorrected δ13C, 
and C:N is the carbon to nitrogen ratio of each sample. 
We applied the above lipid correction to our hepatopancreas samples, which shifted the 
δ13C to be more enriched compared to the uncorrected values (t-tests: p<0.001; Fig. A1). The 
trophic positions calculated from these values were lower than trophic positions calculated from 
the uncorrected hepatopancreas (t.tests: p< 0.001; Fig. A2). However, regardless of whether the 
hepatopancreas was lipid-corrected, we did not find a significant relationship between trophic 
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Table A1. Results of regression analyses (Fig. A2.) comparing laboratory dominance to stable 
isotope-estimated trophic position for the rusty crayfish Faxonius rusticus hepatopancreas (both 
the uncorrected δ13C and the lipid corrected δ13C) using the two primary consumer collection 
dates (September 11 and October 20) and two laboratory acclimation periods (one day and one 
week). 
 Uncorrected Hepatopancreas Corrected Hepatopancreas 
 p R2 n p R2 n 
Sept, One Day 0.45 0.04 16 0.45 0.04 16 
Sept, One Week 0.68 0.01 16 0.66 0.01 16 
Oct, One Day 0.45 0.04 16 0.45 0.04 16 






Fig. A1 Biplot of δ13C and δ15N signatures for rusty crayfish Faxonius rusticus hepatopancreas. 
The lipid corrected hepatopancreas (black ■) is more δ13C enriched compared to the original, 
uncorrected hepatopancreas values (red ▲; p<0.001). The lipid corrected hepatopancreas had 





Fig. A2 Regression analyses (Table A1) with 95% confidence intervals between rusty crayfish 
Faxonius rusticus laboratory dominance scores and trophic positions for the original, uncorrected 
hepatopancreas (red/dashed) and lipid-corrected hepatopancreas (black/solid). Trophic positions 
calculated using the early primary consumers, collected September 11, are the left panels, and 
trophic positions calculated using the late primary consumers, collected October 20, are the right 
panels. Top panels are F. rusticus that were acclimated for one day in the laboratory and bottom 
panels are F. rusticus that were acclimated for one week. We found no significant relationship 





APPENDIX B: TRAP-COLLECTED VERSUS HAND-COLLECTED CRAYFISH 
 
In evaluating the relationship between intraspecific competition and individual 
specialization of diet, we intended to hand-collect Rusty Crayfish Faxonius rusticus from each 
lake in order to avoid potential behavioral biases associated with baited trapping (i.e. traps may 
collect more aggressive individuals; Larson and Olden 2016). We could not find enough F. 
rusticus by hand in Birch Lake, and accordingly, had to use trapped crayfish at two locations. To 
investigate the potential implications of this decision, we compared both behavior and diet 
between trapped and hand-collected crayfish from the one trap location in Birch Lake where F. 
rusticus were abundant enough to collect by both methods. We compared the diet and behavior 
of five crayfish collected by hand collecting and five crayfish collected by baited trapping at this 
one location. For the analyses between lakes, we randomly selected one of these five hand-
collected crayfish to not be included in these analyses. 
For diet, we first compared the trap-collected and hand-collected crayfish from Birch 
Lake using t-tests to compare their δ13C and δ15N values. We found no difference in δ13C 
(p=0.47) and marginally significant differences in δ15N (p=0.057) between F. rusticus collected 
via snorkeling and trapping at Birch Lake trap 3 (Fig. B1). 95% confidence intervals on the 
stable isotope biplot between trapped and hand-collected crayfish were largely overlapping (Fig. 
B1), indicating little dietary difference between these two collection methods. For behavior, we 
used t-tests to compare the behavioral responses of the trap-collected and hand-collected 
crayfish. The trap-collected crayfish were slower to explore the experimental arena than the hand 
collected crayfish (p=0.012), but there were no other significant differences in crayfish behavior 
between these two collection methods (all p>0.1; Fig. B2). We do not believe use of trapped 
crayfish at Birch Lake appreciably affected our overall between-lake comparisons, but would 
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recommend future studies choose sites where collection of individuals can be more consistently 
standardized. 
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Fig. B1. Stable isotope comparison between trap-collected (grey □) and hand-collected Rusty 
Crayfish Faxonius rusticus (black ○) from Birch Lake, with the ellipses indicated the 95% 
confidence intervals each group of F. rusticus. There was no significant difference in δ13C 
between the two collection methods (p=0.472). However, the trap-collected crayfish were 





Fig. B2. Boxplots comparing Rusty Crayfish Faxonius rusticus that were hand-collected and 
trap-collected from the same location in Birch Lake. The hand-collected crayfish took less time 
to explore a new environment than the trapped crayfish (t-test: p=0.012). There were no other 




APPENDIX C: TREMATODES 
 Trematode parasite have been shown to impact the behavior of host Rusty Crayfish 
Faxonius rusticus in our study region (Reisinger & Lodge, 2016). For example, infected crayfish 
tend to spend more time out of shelter and grow faster than uninfected crayfish (Sargent et al., 
2014). Therefore, we quantified the number of trematode parasites per crayfish for each lake, 
finding no significance difference the number of infected crayfish per lake (Fig. C2; anova: 
p=0.63). Overall, our trematode loads were lower than what has been observed in previous 
studies in this region. However, we used smaller crayfish than Reisinger & Lodge (2016) and 
size can impact the number of trematodes per crayfish. Sargent et al. (2014) found that while 
presence of trematodes affects behavior, the intensity of this infection (i.e. number of 
trematodes) does not affect these behaviors. 
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Fig. C1. The average number of trematodes per Rusty Crayfish Faxonius rusticus per lake was 
not significantly different in the degree of infection for each crayfish between the six lakes we 
sampled (anova: p= 0.63). Therefore, we do not anticipate trematodes to be causing between lake 
differences in behaviors, although they may be impacting the crayfish at each lake. 
